Introduction
Cancers are not contagious in the sense that they are not transmitted from patients to close contacts. But global studies reveal that about one in six cancers worldwide have an infectious aetiology [1, 2] . Although this estimated attributable fraction is significant, it is probably a substantial underestimate since developing countries are particularly hard hit by viral cancers yet tend to have poor or nonexistent cancer registries. Some sites in Africa with high quality reporting, such as Kampala in Uganda [3] , reveal that up to 50% of incident cancers are caused by infectious agents and that these cancers afflict a younger population than traditionally seen in North American or European settings. Some cancer registries exclude non-melanoma skin cancers, or attribute deaths to HIV rather than HIV-related cancers [4] . These estimates also tend to exclude new infectious causes for cancer (e.g. Merkel cell polyomavirus) or a new association of a known virus with a tumour; for instance, Epstein -Barr virus (EBV) causes more cases of gastric carcinoma than lymphoma. Various infectious agents, such as bacteria (Helicobacter pylori in stomach cancer and mucosal-associated lymphomas) and helminths (carcinomas of the urinary bladder and gall bladder) are associated with malignancy, but approximately 1.6 million of the 2 million new cancer cases each year due to infection arise as a consequence of persistent infection by oncogenic viruses. This theme issue focuses on new developments for those viruses and their mechanisms of action.
The notion that a transmissible agent might play a role in some types of human cancer dates back to epidemiological observations made by the physician Domenico Rigoni-Stern in 1842 [5] . Analysing death certificates for women of Verona in 1760-1839, he noted that while nuns had an increased risk of breast cancer, they had a lower risk of cervical cancer compared to married women and much lower risk than sex workers. He concluded that the development of cervical cancer is related to sexual contact. Of course, there was no knowledge of hormones or viruses in Rigoni-Stern's time, but it seems a neat symmetry that 120 years later, the 1966 Nobel Prize for Physiology and Medicine was awarded on the one hand to Charles Huggins 'For his discoveries concerning hormonal treatment of cancer' and on the other to Peyton Rous 'For his discovery of tumour-inducing viruses'. Isolation of Rous's eponymous sarcoma virus in chickens had been made 55 years earlier, representing the longest 'incubation period' between discovery and recognition & 2017 The Author(s) Published by the Royal Society. All rights reserved.
in the annals of the Nobel Prizes [6] . An additional 42 years passed before Harald zur Hausen was similarly recognized for the discovery of strains of human papillomavirus (HPV) that cause cervical cancer [7] . Tumour viruses led the way in early molecular cell biology with Nobel awards to Renato Dulbecco, Howard M Temin and David Baltimore in 1975 for in vitro cell transformation by viruses and for reverse transcriptase; to Baruch S Blumberg in 1976 for the elucidation of hepatitis B virus; to J Michael Bishop and Harold E Varmus in 1989 for the cellular origin of retroviral oncogenes; and to Richard Roberts and Philip Sharp in 1993 for the discovery of RNA splicing in adenovirus.
Tumour-inducing viruses have been of immense importance to our understanding of molecular carcinogenesis leading to the discovery of oncogenes and tumour suppressor genes. Oncogenes were first discovered in association with retroviruses and later applied to most forms of cancer [8] [9] [10] . Studies on human and animal cancer viruses led to discoveries that include over 30 cellular oncogenes, genes that are prefixed with a 'c' (e.g. c-myc, c-erb, c-fos), whereas oncogenes carried by viruses are prefixed with a 'v' (e.g. v-myc and v-ras). H-ras and K-ras were first found as viral oncogenes stolen from the host genome by the Harvey rat sarcoma and Kirsten rat sarcoma viruses respectively whereas N-ras was discovered directly in human tumours by DNA transfection. Before mutation analysis became standard, tumour suppressors and oncoproteins such p53 [11, 12] and PI3 K [13] were identified by their association with tumour virus proteins. It is not an exaggeration to say that tumour virology formed the bedrock for all areas of modern cancer molecular biology.
Just over half a century has passed since first discovery of a human virus causing cancer, Epstein -Barr virus (EBV or HHV4) [14] . Now there are seven established human cancer viruses (table 1) , with additional suspects being scrutinized. In this theme issue, the authors survey cancer viruses and give a broad understanding of the common features and the differences between the viruses. Lunn et al. [15] provide an overview on the epidemiology of viral tumours, outlining their common characteristics as well as their differences. Technologies have made enormous progress since 1964 and the complex interplay between viruses and their hosts is being uncovered at the molecular level: viral genomics by Tang & Larsson [16] ; innate immune evasion by Hopcraft & Damania [17] ; and viral regulation of DNA replication and repair by Pancholi et al. [18] . The recognition that viruses can cause cancer has led to two anti-cancer vaccines targeting infection by high-risk strains of human papillomaviruses (HPV) and by hepatitis B virus (HBV), as described by Stanley [19] , which have already begun to reduce the incidence of these cancers in humans [20, 21] .
We have also been fortunate to recruit leading experts for each of the major cancer viruses as authors for reviews. The role of EBV in B-cell tumours is discussed by Shannon-Lowe et al. [22] and in undifferentiated nasopharyngeal carcinoma by Tsao et al. [23] . The related gamma-herpesvirus, Kaposi sarcoma herpesvirus (KSHV or HHV8), rose to prominence by causing an epidemic of cancer among AIDS patients and remains a scourge in Africa, parts of Asia and parts of South America as described by Mariggiò et al. [24] . We turn to the small human DNA viruses with a review by McBride [25] on HPV, emphasizing the novelties of their replication. DeCaprio [26] describes current understanding on the most recently recognized human tumour virus, Merkel cell polyomavirus (MCV), and other newly discovered human polyomaviruses that have been discovered by sequencing technologies. Liver cancer resulting from HBV and hepatitis C viruses (HCV) infection is an unsolved public health problem despite the success of the HBV vaccine and anti-viral drugs targeting HCV. Ringelhan et al. [27] describe these liver pathogens and point towards how the fundamental molecular virology of these viruses can provide new avenues for prevention and therapy. Finally, the human retroviruses, viruses with both RNA-and DNA-based life cycles, remain a fundamental source of new biology. Bangham & Matsuoka [28] describe human T lymphotropic virus type I (HTLV-I) while Kassiotis & Stoye [29] discuss endogenous human retroviruses. HIV contributes to each of these viral cancers by targeting the immune system and, because of this, it is considered a human carcinogen by the International Agency for Cancer Research. Given the magnitude of the HIV public health problem, however, it is well-addressed in many other reviews and in chapters in this issue on individual tumour viruses.
The recently-deceased pioneer in tumour virus research, George Klein, together with Ingemar Ernberg likened the field to a roller coaster [30] , first going up, up and up, to become the centre piece of President Nixon's US National Cancer Institute initiative in the late 1960s, and then racing down with the newly emerging concept of cellular oncogene-tumour suppressor gene networks, most of which were discovered in studies of animal tumour viruses [9] . In the popular mind, viruses travelled from being the cause for all kinds of cancer to being irrelevant to any cancer. Klein's roller coaster has now edged up to a long and level stretch: a small number of viruses cause a large fraction of human cancer cases, particularly in less-developed nations. Studying these viruses provides new insights into all cancers and the cancer biologist who ignores molecular virology does so at his or her own professional risk.
Each human tumour virus discovery led to new general concepts in medicine and the emergence of cancer immunotherapies and vaccines show that these foreign antigen-containing tumours are low-hanging fruit that can be used as models for immunotherapeutics in non-infectious cancers. Recent studies on innate immunity and the human virome also reveal that the old notion that tumour viruses disable cell-cycle checkpoints only to replicate their own genomes is too simplistic. By better understanding how these viruses interact with the host cell, to target both replication machinery and immune pathways [31] [32] [33] [34] [35] , we come to a more sophisticated view of the interplay between innate immunity and cellular proliferation controls [36, 37] . These insights are directly relevant to cancers whether or not they are caused by a foreign virus.
Virus-host interaction
The human tumour viruses (table 1) range from a positivelystranded RNA virus (HCV), to a complex and stable retrovirus (HTLV-I, unlike the majority of animal tumour retroviruses that pirated cellular genes), from small (MCV and HPV) to large DNA viruses (KSHV and EBV), and include a DNA virus with a retroviral component to its life cycle (HBV). In short, they represent many forms of viruses and rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160264 Table 1 . Viruses involved in human cancer. ca., cancer; ds., disease. it initially seems difficult to describe what they have in common. From a broad perspective, however, common features begin to emerge.
(a) Viral cancers are biological accidents
None of the oncogenic viruses induce tumours as a fundamental part of their viral life cycles. All seven of the viruses cause infection and are transmitted without the majority of infected persons developing neoplasia. While an appealing hypothesis is that the growing mass of a tumour would harbour more infectious virions, this does not turn out to be the case since viruses are almost always present in a non-infectious form in tumours. It appears that viral cancers, similar to non-infectious cancers, are biological accidents and in the natural course of disease the resultant neoplasms are just as deadly to the virus as they are to their hosts. This raises an intriguing teleological question: if viral oncogenes did not evolve to cause cancer to benefit the virus, why are they conserved? For many years it was assumed that these genes simply generated an S-phase cell-cycle state to promote viral nucleic acid replication, and inhibited apoptotic routines that would be initiated from unscheduled cell-cycle entry [38] . More recent discoveries in innate immunology reveal that cells respond to infection by initiating cell-cycle arrest and initiation of programmed cell death [39] . Thus, it appears likely that viral oncogenes also serve as immune evasion genes that prevent the host cell from initiating these stereotypic responses to infection.
(b) Absence of virion production from tumour cells
Early research in tumour virology noted that a common feature of viral tumours-distinct from all other viral diseasesis that these viruses are generally 'non-permissive' for replication within tumour cells [40] . Active virus replication, so called lytic replication, triggers cellular host immune responses that lead to death of the infected cell generating the well-described cytopathic effect. In viral tumours, viruses are retained in each tumour cell in a near silent state (latency) either producing viral oncoproteins or initiating insertional mutagenesis that drive tumour cell proliferation-the possible exception being hepatocellular carcinoma induced by HCV. The importance of non-permissivity to tumorigenesis is seen with HPV, HBV and MCV, agents that do not typically form tumours without mutations and integration events that make it impossible for the virus to actively replicate ('pseudolatency'). For EBV and KSHV, the viruses are in a latent state in most of the cancer cells so that no infectious particles are generated from the bulk of tumour cells. Replication occurring in a minority fraction of tumour cells can produce infectious virions but will kill the initiating tumour cells. This same principle is leveraged by viral oncolytic therapies to treat specific tumours with defects in dual immune-tumour suppressor signalling pathways that are not present in healthy surrounding tissues, making some tumours particularly susceptible to viral lytic infection and induction of an effective anticancer immune response [41] .
(c) Viral cancers occur as chronic infections
All of the human cancer viruses are capable of prolonged, persistent infections. For some of these viruses, particularly EBV and MCV, infection is generally thought to be lifelong and widespread in all human populations, so much so that these viruses are part of our 'normal' viral flora. For HBV and HCV, it is likely that smouldering infections are responsible for chronic inflammation and cirrhosis that secondarily lead to liver cancer but these infections nonetheless typically last for decades before cancers emerge. Prolonged viral persistence increases the likelihood for required secondary conditions that change a silent viral infection into a symptomatic cancer. Kaposi's sarcoma in AIDS patients reflects loss of immunologic control over a persistent KSHV infection that usually occurred decades previously.
(d) Target cell specificity of oncogenic viruses
Neoplasia induced by tumour viruses reflect viral cell tropism. For some viruses, this is highly restricted such as HBV, which only causes primary hepatocellular carcinoma but not other cancers. Similarly, HTLV-I causes a specific subtype of CD4 þ T-cell tumours called adult T-cell leukaemia (or adult T-cell leukaemia/lymphoma owing to lymphomatous lesions in the skin). In contrast, high-risk human papillomaviruses are limited to squamous epithelial cancers but these can occur at different body sites, including cervical, headand-neck and anal cancers, that are associated with sites of sexual transmission (heterosexual, orosexual and anosexual activity, respectively). In contrast, both KSHV and EBV have a range of tissue reservoirs from which tumours can arise. KSHV is resident in both endothelial and post-germinal B cells and it causes endothelial Kaposi's sarcoma and a B-cell primary effusion lymphoma as well as a B-cell lymphoproliferative syndrome. EBV, the most ubiquitous of all the human cancer viruses, has the least restriction in the types of cancers that is causes. It is not only linked to B-cell lymphomas, but also nasopharyngeal carcinoma, stomach cancer, T-cell lymphomas, and a rare form of leiomyosarcoma (table 1) . There are certain tumours in which a tumour virus is uniformly present and required for tumorigenesis, e.g. cervical cancer and Kaposi's sarcoma. More commonly, however, viruses only cause a portion of a specific tumour histotype. While both HBV and HCV cause hepatocellular carcinoma, this cancer can also be triggered by alcoholic cirrhosis or exposure to dietary mycotoxins, such as aflatoxin mutagen [42] , which can act synergistically with HBV in tumour development [43] .
Differences in geographical conditions markedly affect the underlying epidemiologies of viral cancers. All cases of Burkitt's lymphoma feature chromosome translocation between c-myc on chromosome 8 and one of the immunoglobulin loci on chromosome 14 (IgG heavy chain), chromosome 2 (kappa light chain) or chromosome 22 (lambda light chain), indicative for a required cellular contribution to Burkitt's lymphomagenesis. In North American adults, including Burkitt's lymphoma in AIDS, less than 50% of tumours are EBV positive. In Papua New Guinea and sub-Saharan Africa where malaria is a risk factor for childhood Burkitt's lymphoma, however, EBV is nearly uniformly present in the tumour cells.
For Merkel cell carcinoma, both MCV-positive (approx. 80%) and MCV-negative (approx. 20%) forms exist [44] . MCV-positive tumours tend to be somewhat less aggressive and more responsive to therapy. These tumours also have no consistent pattern of cellular mutations that would suggest a cellular driver mutation, whereas MCV-negative rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160264 tumours show a pattern of widespread ultraviolet light (UV)-induced genomic mutations [45] . It has been postulated that the carcinogenic load caused by an integrated and mutated MCV genomic is biologically equivalent to 10 000 s of random genomic UV mutations [46] .
(e) Immune control of viral tumours
Nearly all viral cancers that have been described so far have increased incidence among immunosuppressed persons [47] (figure 1). This is particularly evident for those viruses that directly transform cells (HTLV-I, HPV, MCV, EBV and KSHV) by expression of foreign oncogenes. Thus, cancer registry studies of AIDS and transplant patients have been critical in identifying potential infectious cancers and contributed directly to discovery of tumour viruses, including KSHV [49] and MCV [50] . Furthermore, ageing is associated with more subtle immune dysfunctions and a number of tumours with viral aetiology are associated with advanced age.
(f ) All viral cancers have non-infectious cofactors
Non-epidemiologists are sometimes perplexed by viruses as causes for cancer since the vast majority of these infections do not lead to tumours. Infectious disease specialists have long known that exposures to many infections, with exceptions such as rabies virus, smallpox virus and HIV, are often asymptomatic and therefore undetected. Non-infectious cofactors, including age, genetics, environmental factors and prior immunity, are all largely responsible for determining whether exposure to a virus leads to disease. This same principle holds true for infectious cancers. Immunodeficiency, as already described, is a common determinant for whether or not a tumour virus infection will evolve into a cancer. For some of the tumour viruses, host mutations predispose to tumour formation after infection, such as in genes encoding EVER1 and EVER2 for beta HPV-related epidermodysplasia verruciformis [51] or in SH2D1A for EBV-related X-linked lymphoproliferative disorder [52] . On the other hand, environmental exposures, such as dietary aflatoxin for HBV-related hepatocellular carcinoma [43] and malaria in childhood Burkitt's lymphoma [53] , elevate risk of tumour penetrance after tumour virus exposure.
(g) Human tumour viruses versus rumour viruses
Discovery of a new suspect cancer virus is only the first step in revealing whether or not it is a cause for cancer. In some cases, such as KSHV, a causal link can be relatively quickly determined [54] . For EBV, however, over three decades passed between its discovery and the accumulation of sufficient evidence to sway the scientific community that EBV is indeed a cause of cancer [55] . Unfortunately, epidemiologic causality is often poorly equipped to establish a causal framework of a tumour virus aetiology, particularly when a tumour virus is a component of our natural viral flora [56] .
Hunting for tumour viruses has given rise to many spurious claims, especially in the era of PCR-a technique that is simple to use but notorious for contamination and false positivity. SV40 is perhaps the best example of this and has been pursued as a cause for human cancers since its discovery in the early 1960s [57] . But careful analyses over decades fail to reveal any convincing evidence for SV40 playing a role in human cancer [58] . Antibody cross-reactivity, in both serologic testing and in tissue antigen detection, to known viruses and to viruses yet-to-be discovered, are also common sources for experimental mis-attribution in tumour virology [59, 60] .
With the advent of high-throughput sequencing, errors at the levels of the parts per billion can also lead to spurious associations. Presence of low-level HPV18 DNA sequences in The Cancer Genome Anatomy (TCGA) sequence database have been traced back to sequencing contaminating HeLa cells [61] . Sequencing-based discovery of a 'new human hepatitis virus' [62] actually turned out to be caused by retained RNA fragments from a marine phytoplankton virus adhering to diatomaceous earth (made from beach sand) used to make RNA isolation spin columns [63] . Endogenous retroviruses also provide rich opportunities to deceive scientists [64] : different viruses discovered in cell lines and naturally suspected to cause rhabdosarcoma and prostate cancer each represented independent examples in which endogenous retroviruses jumped from the host to a cell line when the cancer cells were passed through experimental animals [65] . Uncertainty still exists as to whether Peyton Rous discovered a pre-existing virus that caused the original chicken tumour or if this agent was accidentally and secondarily amplified by the experimental transplantation techniques [6, 39] that Rous used to isolate the transforming virus.
New technologies promise to uncover new tumour virus suspects but will also provide opportunities for mistakes and scientific confusion. Simple scientific rigour and a healthy level of scepticism remain among the most important tools for any tumour virologist.
(h) Viral cancers are predominantly a public health burden in developing countries
While wealthy nations in Europe and North America generally have low viral cancer burdens, infection can cause over one-half of cancers in some developing countries. The types of cancer in developing countries, however, vary widely and are influenced by concurrent patterns of AIDS immunosuppression. Among persons from sub-Saharan Africa, who have historically had high endemic KSHV infection prevalence, the HIV pandemic led to an epidemic of AIDS-KS [66] . Other KSHV-endemic areas include western China [67] and Andean South America. In contrast, KSHV and KS are relatively rare for most Southeastern Asians but these same populations have high rates of EBV-related nasopharyngeal and stomach cancers [23] and HBV-related hepatocellular carcinoma [68] .
Pathways to discovery and detection of human oncogenic viruses (a) Epidemiology
The pattern of incidence of certain types of tumour may provide an indication that a tumour has an infection as part of its aetiology. The unusual geographical distribution of Burkitt's lymphoma described by Dennis Burkitt led Sir Anthony Epstein in turn to search for a virus. In fact, the causative virus that he discovered [69] is nearly ubiquitous worldwide and the unique geographical distribution of Burkitt's lymphoma is more closely related to associated environmental factors such as malaria prevalence discussed above. Likewise, place of birth studies for patients with adult T-cell leukaemia in Japan led Takatsuki and colleagues [70] to suggest that there may be a transmissible component which after the discovery of HTLV-1 in USA [71] turned out to be that virus [72] . Given the dependence of viral tumour expression on immune suppression, epidemiologic studies of AIDS and transplant patients have been a rich source for identifying new infectious cancers. Analysis of US AIDS patient data by Beral et al. [49] provided a detailed epidemiologic description of the likely 'KS agent' and led directly to the discovery of KSHV using genomic subtractive methods [73] . Similarly, elevated rates of Merkel cell carcinoma among AIDS patients compared to the general population [50] provided the basis for a transcriptomic search that identified Merkel cell polyomavirus [74] . The natural history of chronic viral hepatitis preceding onset of hepatocellular carcinoma was a key feature in the identification of HBV and HCV as causes for liver cancer [75, 76] .
(b) Detection of virus particles
Epstein, Achong and Barr discovered the virus causing Burkitt's lymphoma by electron microscopy (EM) [69] , but for reasons already described, this is the least promising pathway to virus detection. Poiesz et al. [71] searched for reverse transcriptase activity in the culture supernatants of a cutaneous T-cell lymphoma, now recognized to be a form of adult T-cell leukaemia, and then confirmed the presence of type C retroviral particles (HTLV-1) by electron microscopy.
(c) Detection of viral antigens and antibodies
Markers for virus infection have sometimes been discovered before the viruses themselves and helped to lead to their discovery. The classic example is Baruch Blumberg's delineation of Australia antigen in the 1960s which he first interpreted as a genetic blood group. Later it was discovered by Harvey Alter and Blumberg, and also by Alfred Prince, to be the surface antigen of HBV [77, 78] . Similarly, a link between nasopharyngeal carcinoma and EBV was first found by serologic studies [79] . As Louis Pasteur famously observed, chance favours the prepared mind, and these investigators soon realized the significance of their unexpected results.
(d) Viral nucleic acid detection
The non-permissivity of tumour viruses led Harald zur Hausen to focus on identifying viral nucleic acids in tumour tissues rather than encapsidated virions [80] . Knowing that genital wart HPV type 6 had similar epidemiologic features to cervical cancer, he and his colleagues used 'detuned' Southern hybridization with HPV-6 DNA to isolate cross-reactive HPV-16 DNA from a cervical tumour [7] and then HPV-18 from tumour and HeLa cells [81] . With this breakthrough, it became apparent that discovering tumour viruses was more a matter of gene hunting rather than virus hunting.
As with discovery of high-risk HPV, careful epidemiologic studies would be central to subsequent tumour virus discoveries. By 1989, it was clear that a substantial fraction of chronic hepatitis cases had a nonA and nonB viral origin rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 372: 20160264 that could be transmitted in primate animal models. Houghton and colleagues [82] analysed a chimpanzee that had been infected with human nonA, nonB hepatitis serum and generated a cDNA library from its plasma. Using wellcharacterized human sera from a nonA, nonB case, they searched for cDNA clones that when expressed were specifically reactive to the sera and they succeeded in isolating RNA fragments of hepatitis C virus, which quickly led to full-length viral genome cloning.
Identification of Kaposi's sarcoma herpesvirus (KSHV) in 1994 also depended on isolating cancer-associated genes belonging to a new virus. Applying subtractive representational difference analysis [83] to Kaposi's sarcoma tumours, Chang and colleagues isolated herpesvirus DNA fragments from the tumour which were not present in healthy tissues from the same patient [73] . This new human herpesvirus (KSHV or HHV8) was rapidly shown to fulfil the epidemiologic predictions made for the 'KS agent' and also to cause primary effusion lymphoma [84] and multicentric Castleman's disease [85] .
With completion of the human genome and advent of inexpensive sequencing technologies, zur Hausen's strategy for tumour virus discovery could be directly approached. Based on the assumption that any directly-transforming tumour virus will express foreign oncoprotein-encoding mRNA in each tumour cell, Feng et al. [86] developed a method to computationally subtract known human sequences from a tumour transcriptome (called digital transcriptome subtraction), which was used to detect Merkel cell polyomavirus DNA from a Merkel cell tumour [74] .
The decade following discovery of MCV witnessed an explosion in cancer genomic sequencing, as described by Tang and Larsson Lekholm in this issue [16] , and yet no new cancer virus suspects have been uncovered. Time will tell whether we have exhausted the repertoire of human cancer viruses or if there are additional suspects that have been missed. Perhaps, some cancers harbour an agent that is so distant from known viruses that we cannot distinguish it from junk sequences that are in the discard folders on sequencing computers. But MCV also showed that we live with a complex and largely hidden virome that contributes to our health, by training portions of our immune system [87] , or can cause cancer when a floral virus undergoes a precise set of mutations [88] . This issue of the Philosophical Transactions explores recent discoveries in human tumour virology, how these cancers can be prevented and controlled, and suggests that Klein's roller coaster may be headed up again.
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